We have recently begun to gain a clearer understanding of the phasing and patterns of colonization of the developing human brain by microglia. In this study we investigated the distribution, morphology and phenotype of microglia specifically within the wall of the human telencephalon from 12 to 24 gestational weeks (gw), a period that corresponds to the development of thalamocortical fibres passing through the transient subplate region of the developing cerebral wall. Sections from a total of 45 human fetal brains were immunoreacted to detect CD68 and MHC class II antigens and histochemically reacted with RCA-1 and tomato lectins. These markers were differentially expressed by anatomically discrete populations of microglia in the cerebral wall: two cell populations were noted during the initial phase of colonization (12--14 gw): (i) CD6811 RCA-11 MHC II2 amoeboid cells aligned within the subplate, and (ii) RCA-111 CD68--MHC II2 progenitors in the marginal layer and lower cortical plate that progressively ramified within the subplate, without seemingly passing through an 'amoeboid' state. At this stage microglia were largely absent from the germinal layers and the intermediate zone. From 14 to 15 gw, however, MHC class II positive cells were also detected within germinal layers and in the corpus callosum, and these cells, which coexpressed CD68 antigen (a marker associated with phagocytosis), further populated the lower half of the telencephalon from 18 to 24 gw. These findings are discussed in relation to developmental events that take place during the second trimester within the wall of the telencephalon.
Introduction
Microglia are resident mononuclear phagocytes of the nervous system. These cells begin to colonize the human brain and spinal cord before the start of the second trimester (12th week of gestation) (Rezaie and Male, 1999, 2002a,b; Rezaie, 2003) . They disseminate throughout all parts of the nervous system, where they occupy defined spatial territories, and progressively differentiate to immunologically quiescent, ramified cells with the passage of time. From birth onwards, the infant brain will harbour microglia essentially in their mature 'adult' forms and distribution patterns (Rezaie, 2003) .
On the basis of morphology, microglia within the normal central nervous system (CNS) have been further subdivided into two distinct populations, namely amoeboid and ramified cells. Studies in rodents have shown that amoeboid microglia are widely distributed throughout the brain during embryonic and neonatal development. These cells predominantly occur close to blood vessels, particularly within the white matter, and become increasingly ramified as they differentiate into microglia (Perry et al., 1985; Kaur and Ling, 1991) . Morphological accounts of microglia within the human CNS indicate that a population of amoeboid microglia are already present in limited numbers within the brain during mid-to-late first trimester (Choi, 1981; Fujimoto et al., 1989; Andjelkovic et al., 1998; Zecevic et al., 1998) . Amoeboid cells have been considered to represent the precursors of ramified microglia (Imamoto and Leblond, 1978) , mainly because a rise in the number of ramified cells parallels a decline in the number of amoeboid cells during development (Ling and Tan, 1974) . However, it is not yet clear how many of the progenitors actually differentiate into amoeboid microglia in situ. Furthermore, not all amoeboid microglia in the fetus and neonate will survive into adulthood and many undergo apoptosis (Perry, 1996) , although this is another topic that has recently been the subject of debate (Wang et al., 2002) . Unconfirmed estimates have placed the figure for the percentage of microglial progenitors that persist and differentiate to form amoeboid and then ramified microglia somewhere in the region of 30% in rodents. Studies that address this point have been mainly hampered by difficulties in continually tracking the phenotypically heterogeneous population of microglia and their progenitors during development.
In addition to the morphological heterogeneity of microglia, heterogeneity in their expression of cell surface markers has also been emphasized by several previous studies (Sasaki et al., 1988; Hutchins et al., 1990; Lawson et al., 1990; deGroot et al., 1992; Ogawa et al., 1993; Becher and Antel, 1996; . Such heterogeneity hinders attempts to distinguish the intrinsic population of microglia from recruited monocytes or macrophages not only during development, but also in the adult. One criteria that has been proposed for discriminating these cell types relates to the levels of expression of multiple surface markers on microglia. For example, rodent microglia constitutively express low levels of CD45 and negligible CD11b, as detected by flow cytometric analysis (Sedgwick et al., 1991) . These are designated CD11b--CD45 low , whereas monocytes and macrophages are typically CD11b+CD45 high . Becher and Antel (1996) separately demonstrated that immediately ex vivo human cultured microglia displayed a CD11b+CD45 low phenotype and undetectable levels of CD14, a finding also noted by Peterson et al. (1995) . A more recent attempt at multiple phenotypic characterization of human microglia has been reported by Dick et al. (1997) , whereby freshly isolated resident human microglia could be defined by the following flow cytometric phenotype: CD11b+CD45 low CD4-CD11c high MHC class II+CD26-CD14-. With respect to the developing nervous system, Hutchins et al. (1990) showed that human fetal microglia downregulate expression of CD68 and CD64 antigens (phagocyte-associated markers) and become more ramified with developmental progression. Penfold et al. (1991) further noted distinct subpopulations of CD68-and CD45-positive microglia in the human fetal retina. Fetal microglia have further been shown to express MHC class II antigens and identified using histochemistry with the lectins Lycopersicon esculentum (tomato lectin) and Ricinus communis agglutinin-1 (RCA-1) (see Rezaie, 2003, for references) . Recently, we reported that microglia in the fetal and adult human brain can be distinguished from other mononuclear phagocytes since they lack expression of CD163 antigen (equivalent of ED-2 antigen in rodents) . Nevertheless, the lack of a reliable and specific marker for microglia continues to confound attempts to distinguish between the transient populations of these cells during development and resident microglia of the adult brain.
What determines this phenotypic heterogeneity of microglia? Put simply, the phenotype of microglia depends on their location, state of differentiation and potential physiological functions. Factors released by astrocytes and neurons and contact-mediated interactions with these cells are known to affect microglial morphology, function and phenotype (Rezaie and Male, 2002a) . The substrate to which microglia adhere also has an important influence on their phenotype (Giulian et al., 1995) . The blood--brain barrier (BBB) is further known to influence microglial phenotype (Becher and Antel, 1996) . In the adult CNS, microglia express higher levels of phenotypic markers at sites lacking a BBB, and this also occurs in aged CNS where presumably limited barrier breakdown occurs, allowing leakage of plasma proteins. A full barrier forms relatively late in development, long after the majority of neurons have formed their connections (Davis et al., 1994) . However, cerebral endothelial cells have an intrinsic ability to form 'tight junctions' when they first invade the brain during development (Saunders, 1992) , and naturally occurring plasma proteins have not been found to leak across even the most immature cerebral vessels, although the 'BBB' of the fetus and newborn is much more permeable to smaller molecules. Hence microglia in different locations will be in contact with different levels of serum molecules, which is partly related to their distance from the blood vessels and the ependymal barrier. Moreover, different areas of the brain may develop their barrier properties at different times -there appears to be an ependymal-to-cortical gradient in barrier formation, at least in rodents, since injected proteins are still visible in subependymal layers at embryonic day 16 (Engelhardt and Risau, 1995) . The morphology and immunophenotype of fetal microglia may therefore relate partly to the timing and extent of barrier development in each region of the brain.
Phenotypic heterogeneity is a phenomenon that is seen in other populations of mononuclear phagocytes within fetal tissues, that may also reflect the localization and associated specialized function of these cells (Naito et al., 1990; Bardadin et al., 1991; Higashi et al., 1992; Takeya and Takahashi, 1992; Wijffels et al., 1994) . However, within these tissues, there is similar uncertainty whether heterogeneity in phenotype reflects variation within a single cell population, or identifies the coexistence of several distinct populations of resident macrophages.
We and others have previously characterized the extent of microglial colonization in the developing human brain and spinal cord (see Rezaie, 2003, for references) . In this paper, we extend our previous observations by defining the distribution of microglia specifically within the wall of the telencephalon from gestational weeks (gw) 12 to 24, using immunohistochemistry with antisera against CD68 and MHC class II antigens (markers used routinely to detect microglia in diagnostic neuropathology), and histochemistry with tomato lectin (Lycopersicon esculentum) and RCA-1 (Ricinus communis agglutinin-1), which are known to detect both developing as well as resting adult microglia (Rezaie, 2003) . We have differentiated at least two distinct populations of microglia based on immunophenotypic and morphological characteristics, and discuss the potential roles of these cells in relation to the development and structural organization of the telencephalon.
Materials and Methods
Forty-five human fetal brains were selected for examination (Table 1) . Gestational ages were consistent with standard clinical criteria estimated according to crown--rump, crown--heel and foot lengths where available. All fetal materials were derived from cases of elective or spontaneous termination of pregnancy with prior informed parental Where cases of spontaneous miscarriage are recorded, no fetal congenital abnormalities were present. There was no evidence of hypoxic-ischaemic injury or haemorrhage, either within the germinal matrix or associated with the meninges in any of these cases. Gestational age is given in weeks and was determined according to a number of parameters including crown--rump measurements, anatomically by foot length or by history of the last menstrual period.
consent, and approval of the local ethical committee. These cases showed no signs of hypoxic-ischaemic injury or other histopathological abnormalities in the CNS. Fetal brains were either immersion fixed in 4% paraformaldehyde solution for~48 h at room temperature, cryoprotected in 30% sucrose Tris-buffered solution and stored frozen at -70 to -85°C prior to use, or fixed in neutral buffered formalin, processed and embedded in paraffin wax as indicated in Table 1 . Serial sections of the brain were taken at thicknesses of 20 lm (paraffin sections) to 40 lm (cryostat sections) in coronal and/or sagittal planes, and the wall of the telencephalon (corresponding to that shown on Fig. 1 ) was assayed for immuno-and lectin histochemistry. For immunohistochemistry, a three-step ABC-horseradish peroxidase (ABC-HRP) procedure was followed according to standard protocols. Briefly, consecutive cryostat sections were air-dried at room temperature for 2 h and paraffin-embedded sections dewaxed for 15 min in xylene, before immersion in methanol solution containing 2.5% of a 30% hydrogen peroxide solution for 2 h at room temperature. Non-specific binding was blocked for 2 h by incubating sections with normal rabbit serum (1:10 dilution, Dako), and these were next immunoreacted with monoclonal murine antisera directed against human CD68 (clone PG-M1, 1:50 dilution, Dako) and MHC class II antigen (recognizing DP-DQ-DR, clone CR3/43, 1:200, Dako) for 24 h at room temperature, to detect macrophages and microglia. Biotinylated rabbit anti-mouse antibody (1:200 dilution, 2 h at room temperature, Dako) was applied to sections following thorough washes with Tris-buffered saline solution (TBS, pH 7.6, 3 3 5 min). After a further three washes with TBS, sections were incubated with ABC-HRP (Vectastain Elite Kit prepared 1 h prior to use, Vector Laboratories) for a further 2 h at room temperature, prior to washing with TBS. Immunoreactivity was visualized with 3,39-diaminobenzidine (DAB, with hydrogen peroxide) as chromogen, using cobalt chloride for enhancement. Cobalt chloride also gave additional definition to cellular profiles within cryostat sections of fetal brains, making nuclear counterstaining unnecessary. Where required, however, nuclei were counterstained with haematoxylin or methyl green solutions. Sections were dehydrated in graded alcohols, cleared in xylene and coverslipped in the usual manner. All sections were assayed in the same batch in order to ensure consistent labelling. Negative control sections were included where the primary and/or secondary antibody was replaced by normal serum alone.
Lectin histochemistry was carried out according to previously established protocols (Rezaie et al., 1997 , incubating sections with biotinylated tomato lectin or RCA-1 (Vector Laboratories, UK) at 1:100--1:500 dilution, overnight at room temperature, followed by three washes in PBS and incubation with ABC-HRP (Vectastain Elite Kit, Vector Laboratories) for 2 h at room temperature. The reaction was visualized with DAB and cobalt chloride as outlined above. Negative control sections were incubated either with tomato lectin solution containing 400 mM N-acetylglucosamine, or with RCA-1 solution containing 400 mM lactose and galactose (inhibitory substrates).
Serial 120 lm thick free-floating sections from cases at mid-trimester (18--19 gw) were used for dual labelling with RCA-1 lectin and CD68 antisera. These were first incubated with the lectin according to the protocol described above, and the reaction visualized with DAB (brown). Subsequently the sections were rinsed in Tris-buffered saline solution containing 0.025% of levamisole (Sigma), incubated with CD68 antisera overnight and the reaction visualized using an alkaline phaosphatase system and 5-bromo-4-chloro-indolyl-phosphate/ nitro-blue-tetrazolium (BCIP/NBT), 1:50 (Vector Laboratories), according to established protocols (Ulfig et al., 1998) .
Results
The terminology used throughout this paper in reference to the histological layers of the cerebral wall of the telencephalon at second trimester is in accordance with previous established definitions (Boulder Committee, 1970; Chan et al., 2002) . The subplate (SP) is particularly noteworthy, as a transient structure located immediately below the cortical plate (CP), which harbours thalamocortical fibres, as these develop and make their connections within the laminae of the CP. Figure 1 shows representative sections of the human fetal forebrain, to illustrate the rapid expansion of the telencephalon during the period of the second trimester in the cases under investigation.
CD68 and MHC Class II Immunoreactivity
An overview of the developmental stages of human fetal microglia and their associated expression of surface markers has been presented elsewhere Rezaie, 2003) . An overall finding from the present study was that microglia were distributed throughout dorsal and lateral aspects of the telencephalon, but much fewer cells could be detected in ventral and medial aspects throughout the period under investigation.
Between 12 and 14 gw, immunohistochemistry with CD68 labelled an early population of mononuclear phagocytes residing within the marginal layer, interspersed throughout the lower CP and at the boundary between the CP and SP (Fig. 2) . Immunoreactivity with CD68 was particularly intense on round cells within the upper marginal layer, underlying the meninges ( Fig. 2A,B) . The majority of these latter cell types possessed an uneven surface and closely resembled macrophages in morphology (identified by their relatively larger size and irregular 'ruffled' surface membrane). Many cells were located around (but not usually within) delicate, small-diameter and thin-walled meningeal vessels (not shown). Deeper in the marginal layer, and within the upper limits of the CP, CD68-positive cells were smaller and amoeboid (Fig. 2C ). CD68-positive cells within the Fig. 2D--F) were clearly also amoeboid and demonstrated surface and cytoplasmic labelling with this marker. Figure 2G ,H shows CD68-positive cells aligned at the boundary of the CP more clearly. Some of these CD68-positive cells were located around blood vessels that penetrated the CP (Fig. 2E) , and an occasional isolated cell could be seen closely associated with such vessels (Fig. 2I) . Between 14 and 17 gw, a different laminar distribution of CD68-positive cells was evident: these were specifically confined to the lower aspect of the SP and exhibited unipolar, bipolar, multipolar morphology (Fig. 2J ), or were occasionally dividing (not shown). The majority of these ramifying microglia possessed between two and six processes of variable length, extending up to several micrometres (Fig. 2F and 2J, inset) . The population of ramifying microglia came to occupy progressively more of the full width of the SP between 18 and 22 gw (Fig. 3C ). Overlapping these developments, between 14 and 24 gw, CD68-positive cells occurred in two other locations, namely the germinal layers (VZ and SVZ) and the corpus callosum (Figs 2K,L and 3A,D,E), but were conspicuously absent from the bulk of the CP.
SP (
In summary, three spatially separate bands of CD68-positive cells could be identified in the wall of the telencephalon, underlying the CP, during the mid-second trimester period: those located in the (i) lower SP, (ii) the subventricular zone/ corpus callosum and (iii) the ventricular zone. With the passage of time, CD68-positive cells were also detected within the upper SP. Likewise, in addition to the lower germinal layers, the intermediate zone was further and progressively populated by CD68-positive cells until the entire expanse of the wall of the telencephalon (with the exception of the CP) was colonized by 24 gw. The cells residing within the SP (particularly the upper aspect) expressed CD68 antigen only faintly and had begun to ramify more extensively (Fig. 3B) .
Microglia in the SP did not express MHC class II antigens (Fig.  4A) . Instead, MHC class II antigen was specifically expressed by microglia in the corpus callosum, subventricular and ventricular zones of the telencephalon from 14 to 17 gw onwards (Fig. 4A , E--H). MHC class II separately labelled blood vessels weakly in the SP from 20 gw (Fig. 4B ) and perivascular cells associated with radiating cortical blood vessels initially from 20 gw and more specifically around 24 gw (Fig. 4C,D) .
Lectin Histochemistry RCA-1 labelled blood vessels, microglial progenitors and differentiating microglia between 12 and 24 gw. Microglia were clearly distinguishable from blood vessels that were also stained. Specifically, RCA-1 (and tomato lectin albeit more weakly, data not shown) highlighted a population of small and rounded progenitor cells within the marginal layer, CP and SP of the wall of the telencephalon between 12 and 14 gw, which were morphologically distinct from the CD68-immunoreactive cells discussed above (Fig. 5) . These cells were small in diameter, presented with round or ovoid morphologies, and were found interspersed in the upper aspect of the marginal layer, where they occasionally occurred as paired cells (Fig. 5B , and inset to the right). RCA-1-positive cells could also be seen associated with blood vessels penetrating the CP which were also labelled, although they could only very infrequently be detected within blood vessels (see Fig. 5 , colour panel I). However, these cells were detected at various stages of 'detachment' from radial vessels within the lower aspects of the CP (Fig. 5C,D) . There were clear morphological differences between progenitors located within the CP and those located to the SP, as shown in Figure 5E --R. Cells within the CP (typically in the lower part) were dividing (Fig. 5J--M) , and those within the SP now bore processes. This progressive transformation took place largely between 12 and 15 gw, and the different 'stages' are shown more clearly in colour panels I--III to the right of Figure 5 . By 15 gw, progenitors in the lower CP now exhibited between one and three delicate processes (Fig. 5, colour panel II) , whereas cells within the upper and lower aspects of the SP were in a more advanced state of differentiation, and beginning to resemble adult microglia in morphology (Fig. 5, colour panel III) .
Dual Labelling of Microglia with RCA-1 and CD68
The distribution of heterogeneous populations of microglia were more clearly defined at mid-second trimester through dual labelling of tissue sections using RCA-1 lectin (brown) and immunohistochemistry with CD68 (blue), shown in Figure 6 . In particular, cells could be identified that were predominantly expressing CD68 antigen (blue in Fig. 6A ,C,D) in the ventricular and subventricular zones and the corpus callosum, or predominantly detected with RCA-1 lectin (brown in Fig. 6B,D--F) , particularly ramified cells within the subventricular and intermediate zones (Fig. 6D--F, closed arrowheads) . Ramified cells expressing both of these markers were located within the lower aspects of the SP and in the intermediate zone during this period (Fig. 6E,F, open arrowheads) . These double-labelling studies serve to strengthen the argument for the existence of heterogeneous populations of microglia during the second trimester. Nevertheless, further investigations are necessary to clarify the precise origin of microglial progenitors.
Figures 7 and 8 schematically summarize the progressive colonization of the cerebral wall of the human telencephalon by phenotypic and morphologically different populations of microglia during the second trimester. The phenotypic expression of these markers on microglia is indicated qualitatively on these figures as follows: (-) absence of phenotypic marker, (+/-) weak or absent expression, (+) moderate expression, (++) intense expression. Figure 7 highlights the differential expression of CD68 antigen and RCA-1 binding sites on microglia, with emphasis predominantly on the distribution of RCA-1-positive cells. Figure 8 illustrates the differential expression of CD68 and MHC class II antigen expression by microglia, with emphasis predominantly on the distribution of CD68-positive cells.
Discussion
The phagocytic and immunological capacities of microglia are now well recognized and numerous studies have emphasized their potential involvement in diseases affecting the nervous system (Rezaie and Male, 2002b; Rezaie, 2003) . Considerably less is known, however, regarding the roles that microglia play during development, and the origin of these cells has sparked countless debates over the past two decades (Rezaie and Male, 2002a). In recent years, we have begun to gain a clearer understanding of the phasing and patterns of colonization of the developing human brain by microglia (Rezaie, 2003) . In the present work we have demonstrated that the cerebral wall of the telencephalon is colonized by at least two populations of cells destined to give rise to microglia during the second trimester. To be more specific, we have shown that the cerebral wall is colonized initially during the start of the second trimester by a population of RCA-1-positive microglial progenitors that are localized within the marginal layer underlying the mesenchyme/meninges surrounding the brain, and take up residence specifically within the SP where they are replaced progressively by process-bearing forms. A second population of cells expressing CD68 are more typical of the 'amoeboid microglia' widely discussed in the literature with characteristic morphology more closely resembling that of macrophages. These cells preside in the deep marginal layer and at the boundary between the CP and SP at the start of the second trimester. From 14--17 gw they can be found within the lower aspect of the SP, where they also appear to differentiate and progressively populate the upper aspect of this region by 24 gw.
Thus, two putative types of progenitors have been identified based on morphological and phenotypical presentation during the initial phase of colonization. The first type appear as small rounded cells with the phenotype: RCA-1++ CD68-MHC II-(they are also negative for the markers CD11b, CD45 and CD64, and only weakly positive for tomato lectin, data not shown).
These cells clearly differentiate early within the SP of the human fetal telencephalon. The second variety are CD68++ RCA-1+ MHC II-(they are also only weakly positive or negative for CD11b, CD45, CD64 and tomato lectin, data not shown) and typically adopt amoeboid macrophage-like forms. The second type of cell can be found from 12 to 14 gw in the marginal layer, immediately subjacent to the CP and at later stages (14--24 gw) in the SP, and additionally in the ventricular and subventricular zones, in the corpus callosum and in the developing white matter of the intermediate zone. These progenitors divide within the germinal layers, disperse throughout the lower layers and the intermediate zone, and differentiate within this region to more ramified cells and downregulate expression of markers at the cell surface. By contrast, MHC class II antigen was specifically detected on microglia in the corpus callosum and germinal layers (VZ, SVZ) of the telencephalon from 14 to 17 gw onwards. Colonization was well underway by 16 gw, and by 22--24 gw microglia had distributed widely throughout the developing human fetal telencephalon and began to take on ramified forms characteristic of adult microglial cells, probably constituting a merger of the two populations of progenitor cells. However, amoeboid microglia still prevailed within the ventricular zone, subventricular zone and corpus callosum even up to the beginning of the third trimester. Microglia located within the SP maintained their territorial fields, and were more ramified, with a downregulated phenotype (expression of surface/cytoplasmic markers). The stages of colonization within the wall of the telencephalon are summarized in Figures 7 and 8 , where the initial phase of migration of lectin-positive progenitors inwards from the marginal layer is met during the latter half of the second trimester by an advancing population of CD68 and MHC class II positive microglia migrating outwards from the germinal layers (ventricular and subventricular zones). Placing these findings in the context of microglial development according to the literature, the CD68++ RCA-1+ MHC II-and CD68++ RCA-1+ MHC II++ cells with morphologies more typical of macrophages (large, rounded vesicle-laden cells with an uneven or 'ruffled' surface membrane) can be referred to as 'amoeboid' microglia by virtue of their phenotype, morphology and localization (particularly within the germinal layers and corpus callosum). . RCA-1 positive progenitors within the cortical plate and subplate between 12 and 15 gw. Lectin histochemistry with RCA-1 clearly identified blood vessels and microglial progenitors within the telencephalon between 12 and 14 gw. Microglial progenitors and differentiating cells were found predominantly in the lower cortical plate and subplate (A, arrowheads), whereas the intermediate zone, subventricular and ventricular areas were largely devoid of these cells at this stage of development. RCA-1-labelled cells located within the marginal layer were small in diameter and more rounded or ovoid in appearance (B--D). Occasionally they were found in pairs (B, and inset on the right), and some were clearly associated with blood vessels that penetrated the cortical plate (C, D). RCA-1-positive cells appeared to attach to, and progressively detach from radial vessels. (E--R) A clear transition in the morphology of RCA-1-positive progenitors was seen when progressing from the lower cortical plate to the upper aspect of the subplate, with scattered cells (E--I) detected particularly within the lower cortical plate, some of which were dividing (J--M) and progressively more differentiated, process-bearing cells found within the upper aspect of the subplate region (N--R) in advancing towards the intermediate zone. The differentiation of RCA-1-positive progenitors was more advanced between 14 and 15 gw. The transition from small rounded progenitors in the cortical plate, some of which were associated with blood vessels, or were dividing (colour panel I), and their replacement by unipolar and bipolar forms within the lower cortical plate and upper aspect of the subplate (colour panel II), and further differentiation to multipolar ramified cell types within the subplate (colour panel III) is clearly shown to the right of this figure Likewise, the population of RCA-1++ CD68+/-MHC II-and RCA+ CD68+ MHC II-cells with small ovoid or round cell body and bearing 2--5 delicate and long, branched processes can be referred to as 'differentiating', 'transforming' or 'early ramified' microglia, again in keeping with their phenotype, morphology and localization to the SP and intermediate zones. Finally, the population of RCA-1++ CD68-MHC II-cells of small, rounded (undifferentiated) appearance that mainly resided in the marginal layer, the CP and SP at the outset of the second trimester are here referred to as microglial progenitors. These definitions are summarized in Figure 9 . The term 'mononuclear phagocyte' encompasses all these different characteristic forms of developing microglia. However, the precise relationship between amoeboid cells and early ramified microglia is difficult to determine from these studies in situ. As already discussed, the amoeboid 'state' appears to be bypassed at least during the first phase of colonization of the developing telencephalon that takes place before 16 gw, where by far the majority of microglial progenitor cells begin to differentiate morphologically and ramify without apparently passing through an amoeboid stage.
The marked heterogeneity in phenotype of these microglia during the second trimester may reflect a fundamental difference in ontogeny between the cell types, or relate to their state of differentiation and specialized functions, regionally within Figure 9 . Criteria used to define populations of microglia in the human fetal telencephalon during the second trimester, based on phenotypic and morphological characteristics, and in the context of widespread reference in the literature. Figure 8 . Schematic illustrations to show the progressive colonization of the cerebral wall of the human telencephalon by microglia between 12 and 24 gw. Part II: differential expression of CD68 and MHC class II antigens. CD68 and MHC class II clearly highlighted different populations of microglia within the telencephalon between 12 and 24 gw. CD68 clearly detected amoeboid microglia confined immediately below the cortical plate from 12 to 13 gw as shown previously (Fig. 7) . However from 14 to 22 gw, CD68-positive cells were mainly restricted to the lower aspect of the subplate, where they had begun to differentiate into process-bearing forms, and by 24 gw, these cells had distributed towards the cortical plate, occupying the upper aspect of the subplate. Significantly, these CD68þþ cells within the subplate did not express MHC class II antigen. Instead, MHC class II positive (and CD68þþ) cells were restricted to the ventricular and subventricular zones of the developing telencephalon from 14 to 24 gw. Abbreviations: CP, cortical plate; SP, subplate; uSP, upper aspect of subplate; lSP, lower aspect of subplate; IZ, intermediate zone; SVZ, subventricular zone; CC, corpus callosum; VZ, ventricular zone.
the human fetal telencephalon. The migration and maturation of microglia, known to be influenced by factors derived from astrocytes (Rezaie and Male, 2002a) , coincides both with the development of radial glia and the maturation of astrocytes within respective brain areas . In particular, the differentiation of astrocytes also takes place predominantly in the SP and intermediate zone of the telencephalon towards the end of the second trimester, and the differentiation of these cells follows a similar spatially interspersed pattern in these regions as that reported for microglia . Nevertheless, we have noted that astrocytes appear to differentiate at a slightly later stage than described for microglia , a finding that will need additional investigation, particularly with respect to whether microglia may themselves exert a direct influence over the regional differentiation of astrocytes with which they co-localize. This particular hypothesis is intriguing since an overwhelming number of studies in vitro have focused on the contrary relationship, i.e. the influence of astrocytes on microglial differentiation (Rezaie and Male, 2002a) . Whether microglia can exert important roles in the maturation not only of astrocytes, but also of oligodendrocyte progenitors, remains to be established.
Our earlier findings also showed that GFAP-positive astrocytes associate closely with blood vessels within the SP and intermediate zone of the telencephalon from 19 gw onwards, and that this could indicate the commencement of regional barrier formation between the blood and brain . It has been reported that perivascular cells which invest small to medium-sized blood vessels in the adult human brain can be readily identified by their intrinsically high levels of expression of MHC class II antigen (Graeber et al., 1992) . In this study, we observed that MHC class II positive perivascular cells first began to invest radiating cerebral vessels in the SP and intermediate zone of the telencephalon from around 20 gw onwards and more prevalently by the end of the second trimester. These observations correspond well with the concept that a fetal BBB has begun to establish by the start of the third trimester, but warrant further investigation.
Separately, microglial colonization has been considered to be a response towards programmed neuronal death or axonal degeneration during development (Perry et al., 1985; Rakic and Zecevic, 2000) . However, the distribution of microglia does not conform solely to that of programmed cell death during fetal development (Rezaie, 2003) , and this idea is not consistent with the overall patterns of distribution and differentiation of microglial progenitors shown in this study. Therefore, it appears likely that the process underlying colonization of the cerebral wall of the telencephalon by microglia is primarily a developmentally regulated step rather than exclusively a response to cell death in a simplistic sense. What, therefore, preferentially attracts microglial progenitors to the SP during the initial period of the second trimester?
Between 13 and 36 gw, this transient structure serves as a 'waiting area' for unsettled thalamocortical, corticostriatal and associative and commissural pathways that are involved in area specification of the cortex, participating in the induction of a new area (Kostovic and Judas, 2002) . Furthermore, the SP acts as a reservoir for maturing neurons and transient synapses that may also exert influence on the laminar arrangement of the CP (Ulfig et al., 2000; Kostovic and Judas, 2002) . Microglial colonization of the SP therefore coincides with the development of SP neurons, synaptogenesis and thalamocortical projection fibres that transiently reside within this region (Kostovic and Judas, 2002) . The SP zone is also characterised by a large extracellular space that is rich in extracellular matrix components, particularly of the chondroitin sulphate family, laminin, fibronectin, tenascin, as well as chemoattractant and chemorepellant factors (Kostovic and Judas, 2002) . It is known that macrophages and microglia are capable of synthesizing and responding to several proteoglycans including keratan, chondroitin and dermatan sulphate proteoglycans under physiological and pathological conditions (Edwards et al., 1990; Jander et al., 2000; Moon et al., 2002) . Keratan, heparan and chondroitin sulphate proteoglycans have been shown to regulate neuronal outgrowth and survival (Kostovic and Judas, 2002) . Thus, the repellant/antiadhesive properties of the CP and the attractant/neuritepromoting properties of the SP and intermediate zone, are reliant on specific and differential expression of bound proteoglycans (Kostovic and Judas, 2002) . Likewise, cytokine and growth factors that are bound to specific sulphated proteoglycans can promote the migration of mononuclear phagocytes (Hayashi et al., 2001) . Proteolytic activity may also establish chemoattractant gradients for microglia. In fact, in our own previous studies, we have found that chemokines that are known to selectively recruit monocytes and macrophages (including monocyte chemoattractant protein-1/MCP-1 and RANTES) are specifically expressed in the SP and CP of the developing telencephalon during the second trimester, and we have proposed that these may act as developmental signals for recruiting microglial progenitors to the developing cortex . Therefore, it would appear that the SP is not only a site which promotes the recruitment of microglial progenitors, but also contributes towards their early differentiation.
It is not known whether microglia perform more specialized functions in the developing telencephalon. However, speculations on such functions include synaptic remodelling or sorting (Zecevic et al., 1989) , maintenance of the CP border through phagocytosis or elimination of debris and of apoptotic cells (Ferrer et al., 1990; Rakic and Zecevic, 2000) , or the sorting, guidance or elimination of axonal fibers or neurons (Innocenti et al., 1983; Ume et al., 1983; Perry et al., 1985) . Towards, the latter half of the second trimester, it may also be possible that microglia are involved in the processes of gliogenesis, modelling of white matter tracts and perhaps myelinization , or even the development of a BBB (Mato et al., 1996) . These proposals await further investigations.
The work presented here and in several recent published articles offers a clearer picture of the morphology, phenotype and distribution of human fetal microglia in the nervous system during development (reviewed in Rezaie, 2003) . Previous accounts have generally held the view that microglial progenitors enter the CNS from within and around the germinal layers: ventricular and subventricular zones. A striking similarity in the majority of these prior investigations was the characteristic 'pattern of differentiation' associated with the progressive outward migration and ramification of microglia from such original portals of entry. However, it has emerged from this study that microglial progenitors are intimately associated with the parenchymal wall of penetrating radial blood vessels, and appear to invade the parenchyma of the telencephalic wall inwards from the marginal layer, and align within the SP region of the developing telencephalon during the initial period of the second trimester (the appearance of microglia within the SP contrasted sharply with the lack of these cells within the germinal layers and intermediate zone). At later stages of development (14--16 gw onwards), there is probably additional supplementary infiltration of progenitors via blood vessels and proliferation within germinal layers. These findings are in keeping with studies carried out in lower vertebrates and mammals (Sorokin et al., 1992; Alliot et al., 1999; Herbomel et al., 2001; Kaur et al., 2001) , which indicate that early 'fetal macrophages' first colonize the cephalic mesenchyme from whence they invade the brain, prior to and concomitant with the commencement of vascularization of the nervous system. Subsequently, these cells penetrate the CNS parenchyma in association with the invading vessels. The existence of a dual lineage for microglia (cells derived from fetal macrophages versus bone marrow progenitors) is a topic that is currently under debate (Provis et al., 1996 (Provis et al., , 1997 Rezaie et al., 1997; Andjelkovic et al., 1998; Alliot et al., 1999; Rezaie and Male, 1999, 2002a,b; Kaur et al., 2001 ).
In conclusion, we have now begun to understand how glial populations colonize the developing human telencephalon during the second trimester. This is a period of development that coincides with heightened structural reorganization of the CNS (Chan et al., 2002) , and may be particularly prone to pathological injury. Our findings have direct bearing as a basis for future clinical diagnostic assessments of glial responses that could be directed towards pathological insults received by the fetus during mid-intrauterine life. The finding of morphologically and phenotypically distinct microglia within the telencephalon, and the coordinated manner in which microglia infiltrate the telencephalon during this period, necessitates further studies into the functional roles of these cells during development.
Notes

